Background: There has been growing interest in mixed species plantation systems because of their potential to provide a range of socio-economic and bio-physical benefits which can be matched to the diverse needs of smallholders and communities. Potential benefits include the production of a range of forest products for home and commercial use; improved soil fertility especially when nitrogen fixing species are included; improved survival rates and greater productivity of species; a reduction in the amount of damage from pests or disease; and improved biodiversity and wildlife habitats. Despite these documented services and growing interest in mixed species plantation systems, the actual planting areas in the tropics are low, and monocultures are still preferred for industrial plantings and many reforestation programs because of perceived higher economic returns and readily available information about the species and their silviculture. In contrast, there are few guidelines for the design and management of mixed-species systems, including the social and ecological factors of successful mixed species plantings.
Background and objectives
Over the past two decades, there has been rising interest in planting mixtures of tree species to establish plantations that provide multiple services in the tropics. Despite this interest, the proportion of new plantings which are mixtures of species is low, relative to the area of monoculture plantations established. Monocultures offer significant economic benefits and have been preferred in large-scale 'industrial' plantation development in the tropics. However, there has been a shift to smallholder and community forestry in the tropics, along with a requirement of many national reforestation programs to use mixtures, especially involving combinations of native species for which there is often little comprehensive information. To date, there have been few formal guidelines or principles synthesized to assist the design and establishment of mixed-species plantation systems that recognize the diverse needs of rural smallholders and communities. This systematic map aims to describe the available evidence on mixed species plantation systems and identify where future research is needed.
Mixed-species plantings are well suited to smallholder and community forestry for a number of reasons. Some mixed-species plantations have been recognized as more successful than monocultures in enhanced biomass production and carbon sequestration, improved soil nutrients, reduced damage from pest or disease, and improved financial benefits [1] . Depending on the primary objective of planting, each plantation could have a different suite of tree species suitable for a variety of needs (e.g. for wood production, protection, fuel wood and folder, or landscape) [2] . Successful mixed plantations that have a similar or greater productivity to monocultures of the same species, are likely to have greater niche complementarity between species or even ecological facilitation, contrasting phenologies, or complementary root or canopy architectures [3] [4] [5] . Stratified mixtures that combine rapidly growing upper canopy species with slow-starting and shade-tolerant species are likely to exhibit greater total productivity than pure stands only involving shade-intolerant species [6, 7] . Mixed stands can also improve the survival and growth of a species in nutrient-poor soils [8] , especially with the inclusion in the mix of a nitrogen-fixing species.
Mixtures can also provide some financial benefits that are attractive to smallholders and communities because they may provide a more diverse range of livelihood products (i.e., fruit, crops, resin, early timbers of shortlived species or valuable timbers of long-lived species) [9] [10] [11] , which may help farmers diversify their subsistence and capital investment. Mixtures can also generate financial returns in both the short-term (from harvesting faster growing species) and in the longer term (from harvesting slower-growing but more valuable species). The diversity of species with differing traits also means mixtures can be more resilient in the face of ecological disturbance and may be better able to withstand fluctuations of market prices [12] .
Mixed-species plantations also offer more biodiversity and ecological benefits for smallholder communities compared to monoculture plantations. For example, plantations mixtures with nitrogen fixing species may improve soil fertility and nutrient cycling because multispecies have a greater ability to access and conserve nutrients [13] [14] [15] . Mixtures can sometimes limit damage from pests and diseases because susceptible trees species are hidden in among the mixtures or natural enemies of pests are encouraged [10, 15, 16] . Mixtures also support a greater variety of wildlife and contribute to the restoration and maintenance of higher biodiversity within landscapes [17] . Complex plantation mixtures of 5-70 species have been used for the ecological restoration of degraded lands; these large numbers of species of different successional stages are combined to reduce the need for a series of sequential plantings [18] .
Mixed-species systems are a form of reforestation and the factors that drive their success or failure are likely to be similar, at least in part, to other forms of reforestation. Le et al. [19] have undertaken a comprehensive review of the factors that drive reforestation success in tropical developing countries. These drivers are grouped into technical/ biophysical drivers; socio-economic drivers; institutional, policy and management drivers; and reforestation project characteristics. We apply a similar framework in describing the current literature around mixed species systems in community forestry, especially noting where there are research gaps or missing information that are important to better understand successful mixed species systems.
A key necessity for designing mixed species stands is the need to combine species that are complementary in characteristics such as shade tolerance, height growth rate, crown structure, foliar and root phenology and root depth [20] . Thus, a mixed-species plantation may contain shortlived species with long-lived species, fast-growing with slower-growing species or shade-tolerant and shadeintolerant species able to occupy different positions in the forest canopy. Such mixtures of species can potentially reduce competition for light and increase overall light interception [6, [21] [22] [23] [24] . In such cases, species requirements are more likely to differ as species will have varying resource needs and therefore occupy different niche space, allowing them to continue to grow complimentarily.
Among others, Piotto [17] undertook a comprehensive review of factors affecting the performance of species within mixtures and compared growth in monocultures and mixtures across regions and species. However that study was limited in terms of the number of factors considered (i.e. stand composition and the presence of nitrogenfixing tree species). A number of additional studies have been published which may shed further light on the topic. This systematic map will identify and describe current knowledge of mixed species systems to distil guidelines to assist in the design of mixed species plantations for smallholder and community forestry. Based on a search of the literature related to mixed species forestry systems in temperate and tropical regions by a diverse team of experts, we will collect evidence on alternative ways to design mixed-species systems that will be of broad interest and application in tropical regions. As such, this systematic map addresses the main question: What is the available evidence for the relative performance of different designs of mixed-species plantings for smallholder and community forestry in the tropics?
In answering this question, the map has three subobjectives addressed through collecting and surveying relevant literature. The first sub-objective involves appraising the ecological issues and to:
(1) Identify the available evidence of key biological factors to be considered when designing mixed species plantings in the humid tropics, including species-site matching, and inter and intra-species interactions.
Compared to the literature on the growth of mixedspecies plantations, much less is known on the specific social and economic factors that are important in the design of mixed-species systems. Yet there is much in the broader literature on social and economic factors affecting reforestation that can be applied to the design of mixtures. Importantly, there is also often a mismatch between social and ecological goals of reforestation. Reforestation has either aimed to fulfil social or economic needs without reference to ecological goals, or it has had a narrow conservation aim without taking into account the social and economic needs of people [25] . As Higgs [26] has argued, good reforestation requires a view expanded beyond the technical to include historical, social, cultural, economic and political aspects. Neglecting such aspects may generate conflicts when reforestation programs are introduced in complex rural settings [27] [28] [29] . While Le et al. [19] is possibly the most comprehensive review of social factors affecting the success of reforestation in general (see diagram in Additional file 1), their work does not discuss in detail the differences between mixed-species and monocultures, nor between smallholder and community forestry across different levels of social and political organisation (People's Organisations, Municipal Councils etc.). In recognition of these critical factors, the second sub-objective will:
(2) Identify the available evidence of key socio-economic factors to be considered when designing mixed species plantation systems.
As part of the systematic map, our final sub-objective will:
(3) Synthesise and describe the available evidence of biophysical and socio-economic factors that have been considered for mixed-species systems and identify areas where more research is needed.
The map's main PICO question elements are further summarised in Table 1 .
Methods

Search strategy
The following bibliographic databases will be searched: 
Internet searches
Google Scholar (scholar.google.com) [35] Google Scholar will be used to test the comprehensiveness of our literature search. The first 150 returned hits will be assessed and any relevant literature not already retrieved from the prior searches will be included. All search combinations, terms and dates used will be included in an appendix to the systematic map.
Grey literature
A limited selection of 'grey' literature (i.e. published and unpublished documents that do not pass through the scientific peer-review process) will be identified by consulting the following organizations and research institutes:
1) World Bank (www.worldbank.org) [36] 2) Asian Development Bank (www.adb.org) [37] 3 Contacts within the smallholder and community forestry field
Recognised experts, practitioners and authors will be contacted for further recommendations on relevant unpublished material or data. A full list of the individuals consulted and the type of information collected will be included in an appendix to the systematic map.
Search terms and combinations
Searches will be conducted in English from 1980 to the present. This time period was chosen because the online databases are limited to articles that were published in journals before 1980. To ensure a comprehensive search for literature relevant to mixed species plantings, search terms would need to include terms related to "tree or forest", "mixed species" and "planting or plantation". The following search terms (Table 2 ) will be utilized in each of the online databases and web searches:
(tree* OR forest* OR agroforest* OR "agro forest*") AND ("mixed species" OR polycultur* OR "two species mixture*" OR "multi* species planting*" OR "species rich planting*" OR rainforest* OR "mixed stand*" OR mixture* OR "mixed woodlot*") AND (planting* OR plantation* OR planted OR reforest* OR afforest* OR "forest rehab*" OR "forest restor*" OR nurse* OR stand* OR woodlot*).
Additionally, searches in the Scopus database will use a Field tag (TITLE-ABS-KEY) to search relevant search titles, abstracts and keywords. The search in Web of Science™ Core Collection and CAB Abstracts will use Field tag (TS) to search relevant topics including titles, abstracts, author keywords and keywords.
Search results from all databases will be exported to Endnote 17 citation manager and cleaned for duplications. Remaining citations will go through a screening process at title, abstract and full text levels, guided by the inclusion/exclusion criteria explained below.
Search comprehensiveness
Thirty-five relevant studies representing different disciplines in the study of mixed species (i.e., 30 biophysical papers and 5 socioeconomic papers) were selected to test the comprehensiveness of our database searches (see citations in Additional file 2). The initial scoping searches retrieved 4866 hits from Scopus database, 4871 1a Mixed species "Mixed species" OR polycultur* OR "two species mixture*" OR "multi* species planting*" OR "species rich planting*" OR rainforest* OR "mixed stand*" OR mixture* OR "mixed woodlot*"
2 Planting or plantations Planting* OR plantation* OR planted OR reforest* OR afforest* OR "forest rehab*" OR "forest restor*" OR nurse* OR stand* OR woodlot* Region: humid tropics and temperate regions
The map will focus on designs for mixed species planting in the humid tropics. However, literature from mixed species plantings in the temperate regions will be included in the map as these may be also have useful information for this study.
hits from CAB Abstracts, and 6629 hits from Web of Science™ Core Collection. As the type of journals sourced varied across databases we limited the search results to relevant research areas (i.e. Forestry OR Environmental Sciences OR Ecology OR Plant sciences OR Agriculture for the Web of Science; and "AGRI" OR "ENVI" for Scopus database; no additional filter for CAB Abstracts). This narrowed our search results to 3973 hits from Web of Science and 3936 hits from Scopus database.
To expand the search for relevant evidence, a search of grey literature will be conducted. This will include websites of major organizations and key databases conducting research on forestry as outlined above. Combinations of main search terms ("tree or forest", "mixed species", "planting or plantations") will be applied for internet or smaller database searches if the full search string is not usable on the websites.
Article screening and study inclusion criteria
In order to be included in the map's review, a study needs to fulfil each of the following criteria:
Relevant subject(s)
The study makes mention of (wood-based) multiple (at least two) tree species mixtures/plantations in humid tropics of South America, Asia, Africa and Australia and temperate regions of North America, Europe and Australia.
Relevant intervention(s)
The study considers a deliberate mixed planting of tree species.
Relevant outcomes
Success indicators related to forest performance (e.g. survival, growth, etc.), environmental attributes (e.g. vegetation structure, biodiversity, ecosystem functions) and socio-economic attributes (e.g. income, timber products, likelihood, etc.) of the mixed species plantations.
Relevant study design
Studies that document biophysical and socio-economic monitoring of a deliberate tree mixture; retrospective analyses; designed field trials; experimental and nonexperimental studies; qualitative and quantitative livelihood and economic surveys (ex-ante or ex-post); meta-analyses of mixed species plantings.
Excluded studies
Studies on fruit trees; agroforestry trials with only one tree species; studies only talking about the management of natural forests; community forestry studies involving natural forest regrowth; studies only reporting on biodiversity; studies only reporting on monocultures. Any studies that are from dry, arid regions of Africa or South America will be excluded.
Articles will be screened through a three-stage process. First, articles will be screened at title level to exclude highly irrelevant studies. Then, articles will be screened at the abstract level following the inclusion criteria. Four reviewers will do a Kappa test [54] to compare agreement before abstract screening begins, which involves each reviewer screening the same 100 articles and discussing discrepancies. The test will be repeated until an acceptable Kappa score (>0.6) is obtained. When there is disagreement between reviewers, the articles will be discussed with reference to the inclusion criteria for further clarity and understanding. Then, each reviewer will combine their results to the final list of relevant articles. Articles excluded at full text will be listed in an appendix together with reasons for exclusion.
Study quality assessment
Systematic maps aim to characterize and describe the evidence base around a particular question. As such, we will aim to describe and organize the types of studies collected and methods used in tropical mixed species systems research through a general appraisal process. All studies that pass full text screening will be passed through the appraisal criteria described below, which aims to give indicators on the relative strength of the study design and rigor applied, relative to our research question. The aim of this exercise is not to comment on the study quality or exclude studies (unless irrelevant and missed in the initial screening), but instead group and describe how the studies were conducted for a clearer picture of the evidence base.
All articles included in full text assessment will be characterized on the following criteria, including:
Presentation of clear aims Sample size Length of the study Type of study (e.g. primary data, meta-analysis, review) Type of information given on the related socio-economic outcomes (i.e., ownership, tenure, or wider community; Biological and socio-economic factors considered in the study Plantation performance; ecological and socio-economic attributes from the plantations These criteria will be used as a proxy to show the frequency of study designs used in the literature. Further information related to the outcomes of mixed species systems are described in the data mapping process below.
Study coding
The data categories described in Tables 3 and 4 will be applied to record information for all included studies. These categories were trailed by randomly selecting 10 biophysical papers and 4 socio-economic papers (Additional file 3). Information will be recorded in an Excel file with drop down menus used as much as possible to record the type of mixed species plantations; the main socio-economic and biophysical factors and trends; tree performance; and descriptive details about the locations. Narrative details will also be recorded to understand alternative socioeconomic or biophysical factors that could affect the outcomes of mixed species plantations in the tropics.
Data mapping and presentation
We plan to provide a narrative mapping of all articles that were reviewed in full. The systematic map will first and foremost present an evidence map of the socioeconomic and biophysical trends and knowledge gaps reflected from the available literature. Descriptive statistics, to the extent that is possible, will also be used to summarise quantitative trends, map the type of articles reviewed, and highlight their relevance to the primary question. The statistical analysis will be supplemented by summary analysis of any qualitative information collected. The narrative report will be supplemented with graphs and charts which describe the frequency of study designs and durations, locations, and other biophysical factors. A searchable Microsoft Access database of included full-text articles will be made available alongside the map, which will include two spread sheets: one for biophysical and another for socio-economic studies. Each sheet will organize the studies under "humid tropical" or "temperate" forest regions. The aim is for future researchers, scientists and development professionals to use the map and database for improved designs of mixed species plantation systems for community forestry.
Additional files
Below is the link to the electronic supplementary material. 
